Single crystals of tetrazirconium copper heptaantimonide were obtained by arc-melting and annealing from the elements in ideal ratios including a 10 % excess of Sb. The excess of Sb is needed to compensate for the evaporation loss during arc-melting synthesis. Zr 4 CuSb 7 crystallizes tetragonally, space group P4bm (no. 100) as a racemic twin. It adopts a unique structure that can be regarded as a composite of a PbClF unit and a layered, partially copper-substituted polyantimonide substructure. Zr 4 CuSb 7 represents a filling and substitution variant of the Hf 5 Sb 9 structure type. The copper atoms fill voids and partially replace antimony atoms in the 4.8 2 Sb net of the Hf 5 Sb 9 polyantimonide substructure to form a distorted 4 4 net in Zr 4 CuSb 7 . Structure relations to known zirconium-transition metal polyantimonides are given, and new structures are predicted based on these relations.
Introduction
Binary Zr/Hf polyantimonides and ternary Zrtransition metal polyantimonides have been subject to structure-and electrochemical investigations during the last 10 to 15 years. In 2004 Assoudet al. [1] reported on a new binary phase in the Hf-Sb system which is characterized by two building blocks, a PbFCl-related Hf-Sb substructure which is separated by a 4.8 2 net of Sb (for the PbFCl structure type see [2] ). This structure was reported as √ 5 × √ 5 superstructure of the ZrSiS type [3] where a 4 4 net of Si is separating the PbFCl block formed by Zr and S atoms [4] . This structure principle of an almost non-distorted PbFCl block, separated by a complex polyantimonide or antimonide net, is common and widespread for zirconium-transition metal polyantimonides. Examples are Zr 2 T Sb 3 (with T = Cu, Pd) [5, 6] and Zr 3 T Sb 7 (with T = Ni, Pd) [6, 7] . The separating unit in Zr 2 T Sb 3 is a planar, non-corrugated 4 4 net formed by T and Sb atoms while in Zr 3 T Sb 7 the same 4 4 net is only generated by Sb atoms. Recently, review articles on structure-chemical properties and the electrochemical performance of antimonides and polyantimonides have been published summarizing the intriguing structural chemistry and the performance of antimony-containing compounds as anodes for batteries [8, 9] .
Results and Discussion
A crystal of the title compound suitable for singlecrystal X-ray diffraction was separated directly from the annealed sample. The composition of the crystal was determined by energy dispersive X-ray spectroscopic analysis (EDS). Data were collected and averaged from three different points on the crystal surface resulting in 34(1) at-% Zr, 8(1) at-% Cu, and 58(1) at-% Sb. This composition is in good agreement with the composition derived from the structure refinement (see below). According to the empirical formula Zr 4 CuSb 7 , a composition of 33.3 % Zr, 8.3 % Cu and 58.3 % Sb is expected.
Crystal structure of Zr 4 CuSb 7
Zr 4 CuSb 7 represents a derivative of the Hf 5 Sb 9 structure type where the Zr and Sb atoms form Table 3 . Phase purity has been substantiated by powder X-ray diffraction. A representative powder diffractogramm of Zr 4 CuSb 7 is given in Fig. 4 .
Structure relations of zirconium-transition metal polyantimonides and related compounds
At first glance ZrSb 2 [10, 11] , Hf 5 Sb 9 [1] , Zr 4 CuSb 7 , or Zr 2 CuSb 3 [5] seem to have nothing in common but this is not true if one takes a detailed look on the structural features of each phase ( Figs. 1  and 2 ). The structural chemistry of the title compound and related ternary zirconium-transition metal polyantimonides is dominated by a PbFCl-like substructure, separated by a complex antimony-containing network. A prototype of a zirconium compound with non-corrugated PbFCl-like building blocks separated by a planar 4 4 net is ZrSiS [3] . Silicon is forming a regular 4 4 net, while the PbFCl units are constructed by Zr and S atoms (see Fig. 2 ). Based on these structural features the whole series of compounds T Sb 2−x with [1] or ZrSb 2 [10, 11] and regular 4 4 nets, realized e. g. in ZrSiS [3] . Systematic generation of voids in a 4 4 net (left) by removal of grey atoms or atoms underneath the lines (left) leads directly to the polyantimonide substructures of Hf 5 Sb 9 or ZrSb 2 (TiAs 2 type [11] ). The polyanionic substructure of PbCl 2 -type ZrSb 2 [10] can be derived from a 4 4 net by shearing fractions towards each other. A fully filled unit cell with completed polyantimonide substructure is given for each compound on the right hand side. x = 0 to 1 and T being one or two transition metals can be explained. In the following we discuss the structural similarities of the whole structure family (T Sb 2−x with x = 0 to 1) in more detail, in order to systemize the structural chemistry and to unify or simplify the description of such complex structures. We also use this systematic approach to predict unknown phases. Details of all realized and predicted compounds are given in Table 4 . Different approaches like void generation in the 4 4 net, substitution within the 4 4 net or a combination of both are needed to fully understand the formation of polyantimonide networks in such transition metal polyantimonides (T Sb 2−x with x = 0 to 1). [10] and the TiAs 2 [11] structure types. In the PbCl 2 -type ZrSb 2 a 4 4 Sb net fragment is realized. This fragment can be directly derived from a 4 4 net where the Zr atoms cut the entire 4 4 net into smaller fragments which are then shorn towards each other. This process is illustrated in Fig. 2 . The Sb substructure in TiAs 2 -type ZrSb 2 seems to be more complex, and a 4 4 Sb net fragment connected via a Sb-Sb dumbbell is present. The polyantimonide substructure can be regarded as an arrangement of interpenetrating 4 4 networks where two different sets of voids are generated in each of them. Such a removal of atoms from a 4 4 net leads to the formation of six-membered rings neighbored to four-membered ones. One half of these voids is empty, and the other half is hosting the interpenetrating second 4 4 net. A structure section is given in Fig. 2 .
If the Sb content is reduced from T Sb 2.0 to T Sb 1.8 , the PbFCl-related block formed by T and Sb is separated by a 4.8 2 Sb net as represented by the binary polyantimonide Hf 5 Sb 9 . From a formal point of view the 4.8 2 net can be derived from a 4 4 net by removing 20 % of the atoms according Fig. 2 . Zr 3 T Sb 7 (with T = Ni, Pd) [6, 7] are representatives featuring a general composition of T Sb 1.75 . Two slightly corrugated building blocks, a 4 4 Sb net and a PbFCl-related section formed by T , Zr and Sb atoms are present. These compounds are the only examples discussed herein where the replacement of transition metal atoms takes place in the PbFCl block (see Fig. 1 ). The Zr substitution within the PbFCl block obviously results in a slight corrugation of the two building blocks. From now on, the PbFCl block is the dominant structural feature in all further transition metal polyantimonides under discussion. Table 4 . Zirconium-transition metal polyantimonides T Sb 2−x with x = 0 to 1 and structurally related compounds. The basic empirical formula, the T to Sb ratios of the different structure units, and predicted and realized compounds are denoted. Predicted compounds are written in italics, and the amount of voids within the structure units is given in roman numbers. A T Sb 1.5 representative with a closely related structure is CeCrSb 3 [12] . Herein, an undistorted Sb 4 4 net is present. Beside this net, a PbFCl-related Ce/Sb substructure (1 : 1 Ce : Sb ratio) can be found where a Cr/Sb substructure with a Cr : Sb ratio of 1 : 2 is inserted. A structure section of CeCrSb 3 is given in Fig. 1 including the structural features of the Cr/Sb and Ce/Sb substructures. The Cr/Sb substructure shows similarities to the PbCl 2 structure.
Another possibility to build new structures is to fill voids in existing structures. Existing voids within the 4.8 2 Sb net in the Hf 5 Sb 9 structure type might be fully filled by additional atoms, resulting in a compound with the general formula T 6 Sb 9 (or T Sb 1.5 ). The ratio of voids to atoms is 1 : 4. A possible structure model for such a filling variant is given in Fig. 1 . We found strong evidences for the existence of Zr 5 NiSb 9 , following this suggested structure model.
The title compound Zr 4 CuSb 7 represents a T Sb 1.4 phase. Four Zr and Sb atoms per formula unit form the PbFCl block leaving one Cu and three Sb atoms per formula unit behind to form the separating network.
The Cu atoms fill voids and partially substitute Sb in a 4.8 2 net. This substitution pattern can also be derived from a common 4 4 net by an ordered substitution of Sb by Cu on neighboring atom positions. Each pair of substituted atoms is perpendicularly oriented towards each other as shown in Fig. 1 . The atomic ratio of copper to antimony within the 4 4 net is 1 : 3.
Taking one of the interpenetrating Sb nets of the TiAs 2 -type ZrSb 2 as a possible candidate to fill voids into account, we can predict another polyantimonide featuring a PbFCl block of Zr and Sb atoms, separated by a partially substituted polyantimonide 4 4 net. The voids of the six-membered rings (see the polyantimonide substructure of the TiAs 2 -type ZrSb 2 in Fig. 2 ) can be fully filled leading to a compound of the T Sb 1.4 type, but with a different substitution pattern within the 4 4 net. Here a linear arrangement of substituted atoms might be present where every third row of Sb atoms is replaced (see Fig. 1 ). The void to atom ratio is also 1 : 3 in the case of the TiAs 2 -type ZrSb 2 nets, and we can therefore expect an overall composition of T 5 Sb 7 . It is possible that a second polymorph of Zr 4 CuSb 7 might exist, or that the predicted phase can be realized with different transition metals like Pd or Ni beside Zr. Investigations in this direction are currently underway.
A further reduction of the antimony content between T Sb 1.4 and T Sb in line with comparable structurechemical features might be possible. If we stay with a non-substituted PbFCl block and reduce the T to Sb ratio within the 4 4 net from 1 : 3 to 1 : 2, we end up with a substitution pattern where every second row of Sb atoms is substituted by T . A structure model is given in Fig. 1 Finally, when the antimony content is reduced to equimolar amounts (T Sb), the resulting phases Zr 2 T Sb 3 (with T = Cu, Pd) [5, 6] are antimonides without any covalent Sb-Sb bonds. The PbFCl-like Zr/Sb substructure is neighbored by a 4 4 net of alternating T and Sb atoms in a ratio of 1 : 1.
Experimental Section
Synthesis of Zr 4 CuSb 7 1.1 g of Zr 4 CuSb 7 was synthesized by arc-melting under dry high-purity argon on a water-cooled copper hearth. The starting materials were used without further purification in form of shots for Zr (99.8 %, ABCR), shots for Cu (99.999 %, Chempur) and shots for Sb (99.999 %, Chempur). A ratio of Zr : Cu : Sb = 5 : 1 : 8.3 (in at-%) and a 10 wt-% excess of Sb was used for the synthesis. Approximately the same Sb weight loss was found during the melting process in the arc furnace. The sample was melted three times, after each melting step the regulus was turned around in order to yield a homogeneous sample. The metallic bulk regulus was finely ground, and the resulting powder was annealed at 1123 K for three days in evacuated quartz tubes.
Semi-quantitative EDS analysis of Zr 4 CuSb 7
A crystal of the title compound suitable for single-crystal X-ray diffraction was separated directly from the annealed sample. The chemical composition of the crystal was determined by energy dispersive X-ray spectroscopy (EDS) using a SEM 5900LV (Jeol) scanning electron microscope. The acceleration voltage was 15 kV. The results averaged from three different randomly selected points of the crystal surface are in good agreement with the composition calculated from the structure refinement. We found a ratio (in at-%) of Cu : Zr : Sb = 8(1) : 34(1) : 58(1) Sb, in good accordance with the calculated ratio of 33.3 : 8.3 : 58.3.
X-Ray structure determination of Zr 4 CuSb 7
A single crystal of Zr 4 CuSb 7 suitable for structure determination was separated from the bulk residue. Intensity data were collected on a Stoe IPDS II diffractometer fitted with a Mo source (MoK α1 , λ = 0.71079 Å). Data were corrected for Lorentz and polarization effects prior to the cell refinement using the X-AREA program suite [13] . The crystal structure was solved by the Superflip routine [14] , implemented in the program JANA2006 [15, 16] , and was refined as a racemic twin using the non-centrosymmetric space group P4bm. A twin ratio of 0.53(5) : 0.47(5) was found. A centrosymmetric space group can be ruled out due to the orientation of the PbFCl blocks relative to each other within the unit cell.
Further details of the crystal structure investigation may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fizkarlsruhe.de/request_for_deposited_data.html) on quoting the deposition number CSD-427673.
